Purpose: To investigate how experience in simulated cataract surgery impacts and transfers to the learning curves for novices in vitreoretinal surgery. Methods: Twelve ophthalmology residents without previous experience in intraocular surgery were randomized to (1) intensive training in cataract surgery on a virtual-reality simulator until passing a test with predefined validity evidence (cataract trainees) or to (2) no cataract surgery training (novices). Possible skill transfer was assessed using a test consisting of all 11 vitreoretinal modules on the EyeSi virtual-reality simulator. All participants repeated the test of vitreoretinal surgical skills until their performance curve plateaued. Three experienced vitreoretinal surgeons also performed the test to establish validity evidence. Analysis with independent samples t-tests was performed.
Introduction
Inter-procedural transfer of surgical skills-defined as the application of skills learned in one procedure to another procedure-may be anticipated for related types of surgery or procedures (Bjerrum et al. 2015) . However, the presence of a transfer effect in ophthalmic surgery has never been explored. Thus, it remains unclear whether training time for one procedure can be reduced if surgical trainees are already proficient in another type of procedure, e.g. cataract surgery, which is the most frequently performed surgical procedure during residency in the USA (Binenbaum & Volpe 2006) . Research is also needed to determine whether or not combined training of different intraocular procedures enhances acquired surgical skills, as has been shown for basic motor skill training: increased variability in simple tasks increases motor skill performance (Loukas et al. 2015; Wymbs et al. 2016) . Of course, it is also possible that surgical subspecialties in ophthalmology are sufficiently different, such that no transfer effect (or even a negative trend) is evident. By contrast to positive transfer, negative transfer refers to the finding that the applied skill training negatively affects end-point performance. In this case, training for one procedure (e.g. vitreoretinal procedures) should be planned independently from another (e.g. cataract surgery) to ensure best outcomes.
In other surgical specialties, findings regarding inter-procedural transfer have been inconsistent. According to the practice specificity theory, the degree of similarity between the different tasks and test conditions is a predictor of the degree of transfer (Norman et al. 2006; Kwasnicki et al. 2013; Bjerrum et al. 2015) . Cataract and vitreoretinal surgeries share the common feature of being microsurgical procedures performed in the eye. The surgical instruments, specifically their lengths, differ, but the concept of a rotation axis through the incisional point is similar. Other common features of these surgeries include procedural planning, integration of isolated skills (e.g. perceptual information, hand and foot coordination), and fine motor skills.
Resident competency in retinal laser procedures is required by most residency programme directors in ophthalmology (Scott et al. 2009 ), but performance of a minimum of ten vitreoretinal surgical procedures is also mandatory during residency in the USA (ACGME 2013). In a US survey conducted from 2006 to 2008, a majority (80%) of the residents reported that they were satisfied (somewhat, fairly, or very) with their vitreoretinal surgical experience, but the same survey revealed that 51% were not comfortable performing vitreoretinal surgical procedures (Shah et al. 2009 ).
While it is preferable to assess competency in ways other than the minimal operative number, validity evidence for any assessment tools in vitreoretinal surgery is lacking (O'Day 2007; Thomsen et al. 2015b) . One potential approach is to track performance curves, with the expectation that a maximum level of proficiency will be achieved when the curve levels out (Dubrowski 2005) . However, a plateau phase could also indicate 'arrested development': a premature plateau in performance level that is not equivalent to the superior performance level of experienced surgeons (Hashimoto et al. 2015) . Defining relevant levels of proficiency for surgical training in ophthalmology is of considerable importance in this field, which demands consistent high-quality performance.
The aim of our study was to investigate whether or not pretraining in cataract surgery transfers to improved vitreoretinal surgical performance, based on measurements of starting score, time to reach maximum performance level, and maximum score on a virtual-reality simulator.
Patients and Methods
A single-centre, single-blinded, randomized controlled trial (balanced randomization 1:1) was conducted. Data were collected at the Simulation Centre at Rigshospitalet, Capital Region of Denmark, from October 2014 to June 2015. The Ethics Committee of the Capital Region of Denmark decided that the study was exempt from detailed review (protocol no. H-15001664). The study adheres to the tenets of the Declaration of Helsinki.
Participants
Ophthalmology residents were recruited from the Department of Ophthalmology, Rigshospitalet, Glostrup University Hospital, Denmark. Residents were excluded from the study if they had performed any intraocular surgery (except intraocular injections), and/or if they had received any training on the EyeSi simulator within the 6 months prior to data collection. Prior to enrolment in the study, all participants signed informed consent and completed a questionnaire regarding background data, including previous simulator experience. Stereoacuity was measured using the TNO test (Lam eris Ootech BV, 16th edition).
Intervention
Residents were randomized to two different groups: (1) participants who completed a previously validated cataract surgical proficiency-based test on the EyeSi simulator (Thomsen et al. 2015a ) with a passing score, within 1 week of study enrolment, or (2) participants who received no intervention. Upon enrolment, study participants were randomized using a balanced randomization procedure (computergenerated random numbers) and this process was concealed from both the investigator and participants.
Outcome measure
The automated assessment metrics from the vitreoretinal interface on the EyeSi TM simulator (version 2.8.10 VRMAGIC, Mannheim, Germany) were used as outcome measures for the study. The performance test consisted of all 11 vitreoretinal modules on the EyeSi simulator. In a pilot study, two experienced vitreoretinal surgeons (MLC and JFK) selected the most difficult level of each module corresponding to real-life challenges ( Table 1 ). The simulator software assessed between 24 and 39 outcomes for each module, which had been predefined by the manufacturer. The outcomes were categorized into four domains for automated feedback: target achievement, efficiency, instrument utilization, and tissue damage. The values from each of the outcome measures contributed to a total maximum score of 100 per module and 1100 for the entire test. The primary outcomes for this study were total test score from first repetition, procedural time to reach maximum performance level (hours), and maximum score.
Testing surgical performance
All participants repeated the vitreoretinal test until reaching their maximum performance level, defined as two consecutive sessions with a score <5% higher than the highest score previously obtained. We aimed at measuring only technical performance and not procedural knowledge, i.e. an instructor explained the study participants the performance goals for each task in a standardized manner. The first test session was preceded by 10 min of instruction and one warm-up session (corresponding to approximately 1 hr) during which the participants had the opportunity to familiarize themselves with the simulator. We know from previous studies that a familiarization effect may bias the initial performance assessment on a simulator (Grantcharov et al. 2003 , Thomsen et al. 2015a ). The test sessions had a 3-hr time limit to prevent fatigue, and new sessions were scheduled after a 1-hr break or on a subsequent day. Participants trained independently on the simulator when they and the instructor considered them ready to do so. When initiating data collection, the investigator and participants could not remain blinded because of the nature of the intervention. All data were gathered by the same investigator (ASST) in a controlled assessment environment, and data were anonymized prior to data processing to ensure that the outcome assessment process remained blinded to study group.
Sample size
A minimum difference in performance time between the two randomized study groups was set at 29.1 seconds with a standard deviation of 12 seconds. This is considered relevant because it is equal to the difference previously found between medical students and residents completing the vitreoretinal navigation task on the EyeSi simulator (Rossi et al. 2004 ). With power set at 0.90 and a significance level of 0.05, five participants were required in each group.
Statistical analysis
SPSS software version 19.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Differences in starting score, time to reach maximum performance level, and maximum score for the two groups of residents were compared using independent samples t-tests after checking for assumptions of normality and homogeneity of variances. We performed a posthoc analysis by conducting an ANOVA test for repeated measures to compare the total score from the last three repetitions and, thereby, to ensure that the maximum score for each group represented the flat part of the learning curve. We compared plateau scores for all three groups by performing a oneway ANOVA.
Validity of outcome measure
To ensure the validity and reliability of the outcome measures, we included a group of experienced vitreoretinal surgeons as a means of assessing the discriminative ability and internal consistency of the simulator metrics. Vitreoretinal surgeons employed in ophthalmology departments in the Capital Region of Denmark were invited to participate in the study. One-tailed independent samples t-test was used to compare the group of experienced surgeons and the two groups of residents based on their mean test scores from first repetition. Internal consistency across modules was determined by calculating Cronbach's a.
Results
All eligible participants met the inclusion criteria. We included twelve ophthalmic residents who were randomized to intensive training of cataract surgery (cataract trainees, n = 6) or no training (novices, n = 6). Additionally, we included three experienced vitreoretinal surgeons to establish validity evidence for the outcome measure used (Fig. 1 ). See Table 2 for demographics on participants. The assumptions of normality and homogeneity of variances in the data set were fulfilled.
Validity evidence
We found a statistically significant difference between the first repetition test scores for surgeons and novices (p = 0.003), as well as between those for surgeons and cataract trainees (p = 0.006). These findings indicate that the simulator metrics are able to differentiate between different levels of expertise (Fig. 2) . Internal consistency Retinal detachment 3/3 Treat 3 superior tears using PFC, laser, and silicone oil TAC = triamcinolone; ICG = indocyanine green; PFC = perfluorocarbon. across the 11 modules included in the test was 0.73 (Cronbach's a).
Inter-procedural transfer
We found that the group of cataract trainees did not perform significantly better than the novices when comparing starting score (mean AE SD 381 AE 129 points versus 455 AE 82 points, p = 0.262); time to reach maximum performance level (10.7 AE 3.0 hr versus 8.7 AE 2.8 hr, p = 0.265); or maximum score (785 AE 162 points versus 805 AE 73 points, p = 0.791). The corresponding 95% confidence interval for the mean difference between the cataract trainees and novices was À196 to 48 points in starting score; À1.3 to 5.3 hr to reach maximum performance level; and À162 to 122 points in maximum score.
Proficiency level
We performed posthoc calculations to determine the differences between the last three mean scores for each group (repeated-measures ANOVA per group) to investigate whether or not the maximum score for each group was credible: F(2;10) = 3.3, p = 0.080; F (2;10) = 3.8, p = 0.058; and F (2;4) = 0.045, p = 0.957, respectively, for novices, cataract trainees, and experienced surgeons (Fig. 3) . We also wanted to determine whether or not it was possible for all participants, independent of group, to reach the same maximum performance level. We found no significant difference between groups in their mean maximum scores (F(2;12) = 0.102, p = 0.904). Mean time to reach maximum performance level for the group of experienced surgeons was 3.6 AE 2.1 hr.
Discussion
We found no significant skill transfer from cataract to vitreoretinal procedures in a virtual-reality training environment. To our knowledge, this is the first study to investigate procedureto-procedure transfer in ophthalmic surgery. The findings of this study also establish preliminary validity evidence for use of the EyeSi simulator as an assessment tool for vitreoretinal surgery performance.
Validity evidence for single modules on the EyeSi simulator has been previously established (Rossi et al. 2004; Koch et al. 2009; Solverson et al. 2009) . In this study, we included all vitreoretinal modules and gathered evidence of validity from several sources in the contemporary validity framework (Messick's; Cook et al. 2013 ): (1) Content: Two experienced surgeons selected the most difficult level of every module corresponding to real-life challenges, (2) Response process: All data were collected by the same investigator in a controlled assessment environment to minimize the risk of bias caused by test administration, (3) Internal structure: Acceptable consistency in the assessment across modules, Cronbach's a = 0.73 (Downing 2004) , (4) Relation to other variable: Significant discriminatory ability in the assessment of experienced surgeons and novices/cataract trainees, and (5) Consequences of testing: The lowest score obtained by an experienced surgeon (647) was higher than the highest resident score (591) in first repetition-thus, no false negatives or false positives would be found if a relevant proficiency level for certification purposes was chosen between these two score values (Brydges et al. 2008) . It should also be noted that the experienced surgeons showed no significant improvement in test score during repetitions, which further supports the conclusion that the performance assessment reflects the user's proficiency level in vitreoretinal surgery. Importantly, validity evidence * Mean number of hours (range) spent in a wet-lab and on a virtual-reality simulator, including cataract surgical training on the EyeSi simulator related to this study (for the cataract trainees).
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First repetition test score should be collected and discussed in the context of the application of the test, and current recommendations indicate that additional evidence should be gathered before the test is implemented as a high-stakes examination during residency (Downing 2003; Cook 2015) .
We found no evidence of a transfer effect from cataract to vitreoretinal procedures for ophthalmic residents in a virtual-reality environment when comparing starting score, time to maximum performance level, and maximum score. The two randomized groups were similar with respect to age, gender, stereopsis, and previous experience. There was no statistically significant reduction in time to maximum performance level for the group that had already shown proficiency in cataract surgical skills. In fact, the cataract trainees spent, on average, 2 hr longer on the vitreoretinal interface before reaching their maximum performance level, albeit the 95% confidence interval indicates a range of 1.3 hr less to 5.3 hr more than the novices with respect to training time. It is also interesting to note that the cataract trainee group spent additional training time on the cataract interface. The maximum score for the two study groups did not differ significantly, and from these findings, we can conclude that pretraining using a cataract surgical programme does not appear to expedite training of vitreoretinal surgical skills in a simulated environment. Our results suggest that cataract surgical training may have a negative transfer effect on vitreoretinal surgical performance, but it is not possible to draw any final conclusions from our study due to the lack of statistical power. It is important to note that we only investigated skill transfer in one direction. Theoretically, there may be a directionality of transferability. The possibility of a negative skill transfer and transfer directionality should be considered in future trials.
It is difficult to speculate on underlying mechanisms explaining our finding, and previous evidence on this area of research is sparse. A study by Selvander and colleagues which explored the use of identical instruments within the same anatomical structures in the eye, found no evidence for the transfer of skills for those acquired on an abstract module to a procedural task on the cataract interface of the EyeSi simulator (Selvander & Asman 2012) . Studies on procedure-to-procedure transferability in other surgical specialties have shown inconsistent results, but overall, evidence suggests that it is challenging to support skill transfer between different types of procedures and tasks, particularly for complex procedural skills.
Previous studies have shown significant correlation between performance on the EyeSi simulator and the experience levels of surgeons (Rossi et al. 2004; Thomsen et al. 2015a) , as well as significant improvement in performance over time (Saleh et al. 2013) and some evidence of skill transfer to other models (Jonas et al. 2003 ) and the operating room (McCannel et al. 2013; Thomsen et al. 2016) . This knowledge increases the likelihood that our findings are generalizable from a virtual-reality environment to a clinical setting. While the main findings of our study may seem counterintuitive, they represent results from a single study and should be further tested in future studies. In the aviation industry, pilots undergo supplemental simulator training and assessment to be certified in different aircraft types, and the same may be applicable for surgeons in a clinical setting.
Our study findings could be confounded if the participants did not reach their maximum performance level. It should be noted that cumulative performance curves as depicted in Fig. 3 are not reflective of individual performance (Pusic et al. 2011) . However, our posthoc analysis implies that a credible maximum performance level was reached for the majority of the participants, given that the mean values for the last three scores for each group were not statistically different. Furthermore, there was no statistically significant difference in maximum score between the three groups, indicating that a true maximum score had been reached, rather than a phase of arrested development for the residents. It seems there is a ceiling effect for simulator performance as the mean maximum score for the experienced vitreoretinal surgeons was 823 points on the test with a theoretical maximum score of 1100 points. This is the case even though we chose the most difficult levels on almost all modules.
The group of cataract trainees had consistently greater variance compared to the group of novices with respect to both EyeSi starting scores and maximum scores, i.e. both the lowest and highest scoring residents were in the group of cataract trainees. There is a possibility that the acquired skills were transferable, but that no effect was shown in this study because the novice group performed well independent of any intervention. Another possible limitation in the study is the chosen intervention. We may have found a positive transfer effect between cataract and vitreoretinal surgical skills if a higher proficiency level for cataract surgical skills was required during 'pretraining' of the cataract trainees. Alternatively, we may have found that the cataract trainees performed even more poorly after more extensive cataract surgical training, in the event that a negative transfer effect exists. It should also be noted that this study investigated performance curves and not learning curves, as a retention test was not performed. We cannot rule out the possibility that there could be a difference in the retention of skills for the two groups of residents. An additional important limitation in our study is the small sample size, and thus, the risk of type II error must be considered when interpreting our results.
Interest in simulation-based training and assessment models is growing (McCannel 2015; Ah-kee & Lim 2016) . One advantage is that training can take place without putting patients at risk, and evidence is growing to support the notion that practice outside of the operating room may facilitate the initial acquisition of surgical skills (Kurahashi et al. 2011) . The understanding of simulation-based training in ophthalmology-including vitreoretinal surgery (Jonas et al. 2003; Vergmann et al. 2016 )-is still limited, and until further research has been conducted in this area, it will be important to build upon research in other surgical fields. Laparoscopy is one of the surgical procedures with the most abundant evidence. Optimal simulator training in laparoscopy seems to be goal-and task-oriented, including a relevant pass-fail standard (i.e. mastery learning), and evidence suggests that surgical trainees are benefitting from simulation-based training when transferring to an operative setting (Dawe et al. 2007; Spruit & Band 2014) . Other randomized studies investigating inter-procedural transfer have found evidence of some degree of skill transfer between two different laparoscopic procedures and between nephrectomy and thoracoscopic lobectomy in a simulation-based setting (Jensen et al. 2014; Bjerrum et al. 2015) . However, the extent of this evidence remains limited at present.
In conclusion, we found no evidence to support the idea that cataract surgical training confers an advantage prior to vitreoretinal training in a surgical residency training programme. Our results suggest that even proficient cataract trainees have to expect a significant learning period when acquiring skills in vitreoretinal surgical procedures. Further studies investigating different aspects of inter-procedural transfer in ophthalmic surgery are needed to develop strategies to improve surgical proficiency and the effectiveness of training. Ultimately, surgical curricula in ophthalmology need to include procedure-specific simulationbased training programmes developed on evidence-based knowledge within the field.
